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1 All thermionic energy converters depend on the fact that when a metal is 
heated it emits electrons, a phenomenon in many ways analogous to the liberation 
of steam particles when water is heated. This basic property of materials was 
f i r s t  noted by Thomas Edison in 1883. The proposal to harness this property to 
achieve direct energy conversion is credited to Schlichter in 1915. Work on actual 
devices is considerably more recent, being f i rs t  reported by Hatsopolous in 1956 
and Wilson in 1957, although a thorough examination of the thermionic emission of 
electrons from the combination of materials most often used today, namely, cesium 
coated tungsten, was conducted by Langmuir in the 1920's. 

The current interest in thermionic research is heavily influenced by a desire to 
take full advantage of the high temperatures available from nuclear reactors, par-  
ticularly in  the space environment. Since thermionic converters might well operate 

3 with a heat rejection of approximately 10 K, and since heat rejection itself varies 
a s  T ~ ,  thermionic systems should allow for a major reduction in radiator size and 
hence in specific weight when compared to other lower temperature systems. In 
common with other direct  conversion devices, the thermionic converter has no 
moving parts. However, i t  is very distinct from other systems in that it has a high 
power density, with values of the order of 10 watts per square centimeter currently 
attainable. The most probable space applications of thermionic conversion systems 
include power generation for  long trips and/or large payloads. 

The simplest version of the thermionic converter, namely, the vacuum diode, 
is shown in figure W-l(a). The vacuum diode consists of two electrodes, an emitter 
and a collector, encased in a container which maintains the vacuum and a source of 

heat to drive the electrons. 
Insight into the principles of operation of the vacuum converter can be obtained 

by looking a t  figure IV-1 (b), which shows a typical interelectrode potential profile 
fo r  the vacuum converter. On the left is the emitter, with the zero of energy chosen 
a t  i ts  Fermi  level. The collector with its Fermi level is on the right. Phi is used 

to indicate the work function. Lower case cp is the vacuum work function, that is, 
- - 

 he introductory portion of this report follows to a considerable extent the 
approaches used in refs.  1 and 2. 



the amount of energy measured from the Fermi  level that an electron needs to e s -  
cape to vacuum from the interior of a solid. The subscripts e and c stand for  
emitter and collector, respectively. To t race  the path of an electron through one 
energy conversion cycle, s tar t  with an electron that is initially near the emitter 
Fermi  level. If i t  receives an energy greater than cpe, i t  can leave the emitter, 
where i t  immediately encounters another barr ier ,  A q e ,  the space charge ba r r i e r  
resulting from the electrons which preceded it. If the electron initially received an 
energy greater  than ae = cp, + Aqe, it will climb the ba r r i e r  and move across  the 
interelectrode space to reach the collector. Here i t  gives up cp, a s  heat in moving 
down to the collector Fermi level. However, a net potential difference v remains 
between the Fermi  levels of the two electrodes, so that, if  the emitter and the col- 
lector a r e  connected, the electron continues on through the external load perform- 
ing work on its way. 

The following table illustrates some of the physical constraints (ref. 1).  For 
heat-resistant transition metals cp is typically 4  to 5  volts. With a judicious 

choice of materials, such a s  an emitter with cp - 5. 3  volts and a collector with 
cp - 4 . 2  volts, and optimizing the external load losses,  one might be able to get an 
output voltage v of the order of 1  volt. Thus, in order to obtain power output, 
which is the product of the current I and the output voltage v, of 10 watts per 
square centimeter, we need current of approximately 10 amperes per square cen- 
timeter. However, as indicated in equation ( I ) ,  the emission current I depends 

strongly on ae: 

Metal 

Molybdenum 
Nickel 
Platinum 
Tantalum 
Tungsten 
Cesium 
Tungsten-cesium 
Tungsten-barium 
Tungsten-thorium 

Work function 

4 . 2 0  
4 . 6 1  
5 . 3 2  
4 . 1 9  
4 .52  
1 . 8 9  
1 . 5  
1 . 6  
2 . 7  



The crucial feature here is that I decreases exponentially a s  ae increases. In 
practice, adequate current densities a r e  unattainable in vacuum diodes because the 
space charge A q e  and hence ae a r e  too large. One might hope to minimize the 
damaging effects of space charge buildup by going to lower temperatures, using 
lower work function materials and/or reducing the interelectrode spacing. How- 
ever, even these approaches require uniform interelectrode spacing of a fraction 
of a mil to be maintained over a very large temperature range and have s o  far  pre  - 
sented difficult design and stability problems, although new approaches in this di- 
rection a r e  currently contemplated. 

The most direct, and for some time now the most promising; approach has 
been the introduction of a sufficiently dense gas of positive ions to neutralize the 
electrostatic field of the electrons. Primary attention has focused, therefore, on 
the plasma converter. Cesium is the most commonly used gas because of its low 
ionization potential. As shown in figure IV-2(a), the cesium converter is a mod- 
ified vacuum converter which allows for the addition of cesium vapor to the inter- 
electrode region. The density of the vapor is determined by the temperature of 
the cesium reservoir. The cesium enters the interelectrode region a s  a gas of 
neutral atoms and is subsequently ionized by either surface ionization a t  the hot 
emitter (unignited mode) or  volume ionization in the interelectrode region (ignited 
mode). 

The consequences of introducing cesium can be seen in figure IV-2(b). The 
primary benefit derived from a cesium plasma is the neutralization of the space 
charge, that is, reduction of Aqe. Another nontrivial benefit, however, is that 
some of the cesium atoms absorb on the collector, which is relatively cool, while 
those that come in contact with the emitter, which is hot, will boil off. As shown 
in the table of work functions, this will lower the collector work function close to 
that of cesium with the beneficial consequence of increased output voltage. 

For a number of reasons including reliability, ease of acquisition, and direct  
usefulness to development engineers, the principal analytic tool for thermionic 
converters is the plot of current against voltage, or I-v curve. Figure IV-3 
shows one such plot; actually it is a composite of various I-v curves presented 
slightly out of proportion in order to indicate al l  the features of interest more 
clearly. 

The major feature is the existence of two modes of operation. These cor- 
respond to the two ionizing processes mentioned earl ier .  The lower portion shows 
the unignited mode, in which the cesium ions a r e  produced by surface contact 
ionization. The upper curve shows the ignited mode, in which the ionization takes 
place in the interelectrode region a s  a result of electron-atom collisions. Within 



these two modes, the major I-v characteristics are  further classified by 
(1) The deep retarding region which results from the application of a reverse 

bias voltage to the diode 
(2) The apparent saturation region which is a result of either space charge 

limitation when the electron space charge is incompletely neutralized or 

the collection of all electrons when there is an adequate (excess) supply 
of ions 

(3) The region of preignition and negative resistance in which a violet-pink 
glow discharge forms at one point in front of the emitter and eventually 
covers the entire emitter 

(4) That part of the ignited mode, sometimes referred to a s  the obstructed 
region, in which there is dark space directly in front of the emitter and 
an orange flow in the interelectrode region 

The second mode appears most promising for power production since the product 
of I and v is greatest. It has been possible to produce in typical experimental 
devices current densities of 50 amperes per square centimeter near 0.5 volt for 
power densities greater than 20 watts per square centimeter. 

The paper thus far has dealt with the thermionic conversion process. Now 
consider the role played by the plasma itself. For perfect neutralization, it is 
necessary that 

where n is the number density, (+) refers to ions, and (-) refers to electrons. 
Note that this in no way implies that the current densities are  equal. Quite the 

contrary; the current is given by 

where u is the mean velocity. In thermal equilibrium the kinetic energies are  
equal: 

so that, for cesium, 



This leads to the definition of the ion richness parameter p a s  

The converter is electron rich when p << 1, ion rich when p>> 1, and approxi- 
mately neutralized when p - 1. 

The second parameter is pd, the product of the pressure and the interelec- 
trode spacing. It is approximately proportional to the number of electron mean 
f ree  paths in the converter. The effects of p and pd a s  parameters (ref. 2) a r e  
shown in figure IV-4. The major axes define a space in p and pd. Superposed 
on this is a s e t  of four different I-v curves. Each I-v curve presents the results 
of operation of the same plane parallel cesium vapor thermionic converter. The 
striking differences between the four curves ar ise  from the different combinations 
of p and pd at which each is operated. Curve B is typical of a converter oper- 
ating a t  p < 1 and pd < 10. The curve shows the full range of operation shown in 
figure IV-3 with the exception that the small current region is considerably con- 
tracted. If p is kept the same, but pd (the number of mean f ree  paths) increases, 
the transition and negative resistance regions disappear and the converter oper- 
ation goes smoothly from ignited to unignited modes, a s  shown by curve A. As 
both /3 and pd a r e  increased, we would find that the apparent saturation region 
is completely absent as in curve C. 

Figure IV-5 shows a typical se t  of interelectrode potential diagrams for the 
ignited mode as measured by Baksht and coworkers and reported in the Journal of 
Soviet Physics (ref. 3). The emitter is on the left, and the different curves are 
for the various spacings indicated. The difference between the potential heights 
a t  the emitter and collector is the internal plasma loss of the order of 1 volt. 
Most of this loss represents energy required to maintain the plasma while a 
lesser source of loss to be considered is back heating of the emitter by the plasma. 
Considerable effort has been directed toward obtaining a better understanding of 
these loss processes. At this point we should note that, in addition to the usual 
difficulties of analysis present in all plasmas, there a r e  further complica~ons 
unique to thermionic plasmas. These include the active nature of the container 
walls. That is, the walls emit and collect electrons and ions as an essential part  
of the device operation. Also, the plasma dimensions a r e  very small, that is, 



the space between emitter and collector is usually of the order of 5 to 10.mils. 
The Lewis Research Center has carried on a program of theoretical and ex- 

per imenkl  work designed to enhance our knowledge of thermionic plasma processes 
and thus ultimately to improve the converter performance. Two theoretical studies 
of the plasma have been undertaken with emphasis given to the role played by the 
sheaths o r  boundary layer between the electrodes and the bulk plasma. In a work 
by James IF. Morris the sheath parameters were coupled to electrodes a s  well a s  
the plasma in a formulation which allowed for feedback between the components, a s  
opposed to the more primitive theories which replaced the sheaths by passive 
boundary conditions. In addition to giving new insights into plasma processes under 
unignited isothermal conditions, i t  eliminated such inconsistencies of the ear l ier  
theories as the existence of a net current a t  equilibrium (ref. 4). Another theo- 
retical study undertaken by Peter Sock01 applied transport theory to the sheath 
itself in the unignited mode (ref. 5). This study is currently being extended to the 
ignited mode with emphasis on understanding the mechanism of nonthermal ioniza- 
tion in the immediate vicinity of the emitter. The matter of heat loss to the emitter 
from the plasma has been analyzed by Roland Breitwieser, who developed a tech- 
nique based on application of quite general thermodynamic constraints to the anal- 

ysis  of I-v curves (ref. 6). 
An experimental program to evaluate a possible new technique for reducing the 

losses incurred in maintaining the plasma was initiated a few years ago by Ralph 
Forman. His work involved the investigation of the enhanced electrical properties 

of a converter when placed in the radiation field of a nuclear reactor (ref. 7). Fig- 
ure IV-6 depicts the envisioned process. It was anticipated that the y-rays present 
in a reactor would a s  a result of interaction with the converter electrodes cause the 
generation of large numbers of relatively low energy electrons. These secondary 
electrons would, upon collision with the gas atoms present in the interelectrode 
space, excite (and possibly ionize some) neutral atoms. These atoms being in ex- 
cited states rather than in the ground state would be more easily ionized to produce 
ignition. Preliminary in-pile investigations have exhibited some of the anticipated 
features, as shown in figure W-6. These data a r e  for a cylindrical thoriated 
tungsten emitter operating in a xenon environment. In the absence of y radiation 
the current is negligible at low voltages, and ignition occurs near 8 volts, which is 
approximately the energy of the f i r s t  excited state for xenon. When the same con- 
vertor is operated in a reactor, two changes occur. First ,  there is an enhance- 
ment of the low voltage output believed to result from the ionization by secondary 
electrons, and second, there is a drop in the voltage necessary to cause ignition 
believed to result from the higher density of excited states. These changes become 



more pronounced a s  the y radiation flax increases. It is anticipated by analogy 
with the p-pd plots of figure IV-4 that, with a judicious choice of operating con- 
ditions (e. g.,  the gas and i t s  pressure, electrode materials, in tere lec t rde  
spacing), it should be possible to cause further enhancement and obtain ignition at 
much lower voltage. If this hoped for  behavior should materialize, there a r e  two 
possible applications. One, there is the possibility of sufficient enhancement to 
generate useful power in the unignited mode. Two, there is the possibility that in 
the ignited mode cesium could be replaced by an inert gas. Cesium initially found 
favor because of i ts  low ionization potential, but the y-rays would in effect give 
inert  gases effective ionization potentials that a r e  nearly that of cesium. This sub- 
stitution of inert  gas for cesium would eliminate many of the materials compatibility 
difficulties arising from the highly corrosive nature of cesium. In spite of the 
favorable preliminary results obtained thus far ,  this program, by virtue of being an 
in-reactor study, is very difficult to perform and expensive to maintain. However, 
since the reactor generated y-rays do not interact directly with the neutral gas 
atoms but rather serve only to generate secondary electrons, i t  was suggested that 
for test  purposes it might be possible to generate secondary electrons from a 
source other than a reactor. This was investigated theoretically and indeed found 
to be feasible. Figure IV-7 shows a schematic drawing of the experimental reactor 
simulation setup that is being operated by Robert Bacigalupi using the Lewis Re- 
search Center Dynamitron (ref. 8). The electron beam incident from the left is 
generated in the Dynamitron, passes through the thin collector, and strikes the 
emitter causing both electrodes to emit secondary electrons. It has proved possi- 
ble using the Dynamitron and a converter similar to the one used by Forman to 
generate secondary electron fluxes similar to those present in the reactor environ- 
ment, and thus to reproduce out of core the I-v curves previously obtained in the 

reactor. Work is presently under way to extend the operating range of this setup. 
As a further check on the accuracy of this analysis, namely, that the enhanced 
operation does come from the interaction of secondary electrons with the plasma, 
and also a s  a more versatile technique for determining the effects of using different 
gases and electrodes, a separate microwave diagnostic experiment is currently 
being initiated by James Dayton. In this, the arrangement is similar to the con- 
verter  experiment in the Dynamitron except that the diode is replaced by a simple 
container of gas. The plasma is irradiated by a microwave signal of variable f re-  
quency, and the reflected signal is compared with the incident signal. The type of 
information generated this way is shown in figure W-8. When the beam of the 
Dynamitron is off, the reflected signal is as shown by curve A, there being a sharp 
resonant absorption by the plasma a t  a characteristic frequency. When the beam is 
turned on, the microwave signal is reflected a s  in curve B. The frequency shift can 



be related to the charge density while the resonance broadening is related to colli- 
sion frequency v, as shown in the following equations: 

It is anticipated that this dual program will permit rather rapid investigation of a 
large number of electrode materials and plasma combinations. Of particular inter- 

2 e s t  a r e  the effect that the introduction of a Penning mixture might have on plasma 
densities and the effect that the secondary electrons might have on recombination 
rates.  While this latter research activity is st i l l  in i ts  early phase, it already 
promises to yield much information of value to an overall understanding of plasma 
phenomena in the thermionic energy conversion process. 

REFERENCES 

1. Walsh, Edward M. : Energy Conversion: Electrochemical, Direct, Nuclear. 
Ronald Press  Co., 1967, ch. 7. 

2. Bullis, Robert N. ; e t  al. : The Plasma Physics of Thermionic Converters. J. 
Appl. Phys., vol. 38, no. 9, Aug. 1967, pp. 3425-3438. 

3. Baksht, F. G. ; e t  al. : Low-Voltage Arc in Thermionic Converters -Comparison 
Between Theory and Experiment. Soviet Phys. - Tech. Phys. , vol. 13, no. 7, 
Jan. 1969, pp. 893-907. 

4. Morris, James F. : Isothermal Diode '68. Seventh Annual Thermionic Con- 
version Specialist Conference. LEEE, 1968, pp. 202-208. 

5. Sockol, Peter M. : Sheath Structure in the Unignited Mode. Seventh Annual 
Thermionic Conversion Specialist Conference. IEEE, 1968, pp. 209-215. 

2~ Penning mixture is a combination of two gases such that one species has a 
metastable state (e. g. , neon at 16. 6 V) slightly above the ionization potential of the 
other species (e. g. , argon a t  15.7 V). In such instances the ionization process can 
be quite efficient. 



6. Breitwieser, Roland: Electron Cooling and Plasma Heating of Thermionic Con- 
verters. Seventh Annual Therlnionic Conversion Specialist Conference. 
B E E ,  1968, pp. 235-241. 

7. Forman, Ralph: Electrical Properties of Xenon-Filled Thermionic Diodes. 
NASA TN D-4368, 1968. (See also J. Appl. Phys., vol. 39, no. 9, Aug. 1968, 
pp. 4351-4355.) 

8. Bacigalupi, R. J. : Simulation of In-Pile Effects on Thermionic Diodes. Paper 
presented a t  Thermionics Specialist Conf., Carmel Calif., Oct. 21-23, 1969. 



BIBLIOGRAPHY 

This bibliography comprises publications authored by the members of the NASA 
Lewis Research Center Staff. 

Bacigalupi, Robert J. : Surface Topography of Single Crystals of Face-centered- 
Cubic, Body -Centered -C ubic, Sodium Chloride, Diamond, and Z inc-Blende 
Structures. NASA TN D-2275, 1964. 

Bacigalupi, Robert J. ; and Neustadter, Harold E.  : Dependence of Adsorption Prop- 
er t ies  on Surface Structure for Body-Centered-Cubic Substrates. NASA TN 
D-3141, 1965. 

Bacigalupi, Robert J. ; and Thinger, Byron E. : Gamma Flux and Heat Deposition 
in Plum Brook Reactor - Comparison of Calculation and Experiment. NASA TM 
X-1539, 1968. 

Barton, Gilbert C. ; and Ferrante, John: Faceting from CO Adsorption on Mo(1ll). 
J. Chem. Phys. , vol. 48, no. 10, May 15, 1968, pp. 4791-4793. 

Branstetter, J. Robert: Some Practical  Aspects of Surface Temperature Meas- 
urement by Optical and Ratio Pyrometers. NASA TN D-3604, 1966. 

Branstetter, J. Robert; and Schaal, Robert D. : Thermal Emittance Behavior of 
Small Cavities Located on Refractory Metal Surfaces. Presented at the IEEE 
Thermionic Conversion Specialist Conference, San Diego, Calif. , Oct. 25-27, 
1965. 

Breitwieser, Roland: Some Considerations of an A. C. Thermionic Converter. 
Proceedings of the 3rd Government-Industry Roundtable Discussions. Vol. I1 - 
Applied Research on Thermionic Converters and System Concepts. Rep. PIC- 
EEE-TI-209/1.1, vol. 2, Pennsylvania Univ., Jan  30, 1962, pp. 4-1 to 4-5. 

Breitwieser, Roland: Cesium Diode Operation in Three Modes. Proceedings of 
the 23rd Annual Physical Electronics Conference, MIT, 1963, pp. 267-280. 

Breitwieser, Roland: On the Relation of Ion and Electron Emission to Diode 
Diagnostics. E E E  Thermionic Conversion Specialist Conference, 1963, 
pp. 17-26. 

Breitwieser, Roland; and Rush, Wayne: Saha-Langmuir Surface Ionization Re- 
lation. Presented a t  the IEEE Thermionic conversion Specialist Conference, 
San Diego, Calif., Oct. 25-27, 1965. 



Breitwieser, Roland; and Schwartz, Herman: Thermionics. Space Power Systems 

Advanced Technology Conference. NASA SP- 131, 1966, pp. 239-268. 

Brooks, Sidney: A Geometrical Representation for the High Frequency Dielectric 
Tensor of a Temperate Plasma. NASA TM X- 1054, 1965. 

Button, Susan L. ; and Morris, James F.  : Computer Programs for Plane Col- 
lisionless Sheaths Between Field-Modified Emitter and Thermally Ionized Plasma 
Exemplified by Cesium. NASA TM X- 1562, 1968. 

Button, Susan L. ; and Morris, James F.  : A Computer Program for Interactions of 
Polycrystalline-Tungsten Electrodes with Cesium Plasmas. NASA TM X-1637, 
1968. 

Butze, Helmut F .  ; and Smith, Arthur L. : Experimental Investigation of Chemical 
Regeneration of Surfaces in Simulated Thermionic Diodes. NASA TN D-1877, 
1963. 

Car r ,  Kenneth: Tables of Thermionic Properties of the Elements and Compounds. 

NASA TM X-52263, 1967. 

Coopersmith, Michael H. ; and Neustadter, Harold E.  : Relaxation-Time Approxi- 
mation for the Mobility of Electrons in Helium. Phys. Rev. , vol. 161, no. 1, 

Sept. 5, 1969, pp. 168-172. 

Ferrante, John; and Barton, Gilbert C. : Low-Energy Electron Diffraction Study 
of Oxygen Adsorption on Molybdenum (111) Surface. NASA TN D-4735, 1968. 

Forman, R. : Electrical  Properties of Inert Gas Plasmas Generated in Thermionic 

Cold-Cathode Diodes by Radiation in a Nuclear Reactor. J. Appl. Phys. , vol. 36, 
no. 4, Apr. 1965, pp. 1344-1350. 

Forman, Ralph: Measurements on Xenon Filled Nuclear Irradiated Thermionic 
Diodes. Thermionic Conversion Specialist Conference, IEEE, 1967, pp. 56-61. 

Goldstein, Arthur W. ; Braun, Willis H. ; and Rose, James R. : Generation of Al- 
ternating Current by a Power Diode. NASA TM X-1099, 1965. 

Goldstein, Arthur W. ; Braun, Willis H. ; and Rose, James R. : Alternating-Current 
Thermionic Power Diode with Magnetic Regeneration. J. Spacecraft Rockets, 
vol. 3, no. 6, June 1966, pp. 927-928. 



Goldstein, C. M. : Theoretical Current-Voltage Curve in Low-Pressure Cesium 
Diode for Electron-Rich Emission. J. Appl. Phys., vol. 35, no. 3, pt. 1, 
Mar. 1964, pp. 728-729. 

Goldstein, Charles M. : Monte Carlo Method for the Calculation of Transport Prop- 
ert ies in a Low-Density Ionized Gas. NASA TN D-2959, 1965. 

Goldstein, Charles M. : Numerical Integration by Gaussian Quadrature. Presented 
at the 24th Semiannual SHARE Meeting, Los Angeles, Calif. , Mar. 1, 1965. 

Goldstein, Charles M. : Computation of Electron Diode Characteristics by Monte 
Carlo Method Including Effect of Collisions. Presented at the ENEA-IEE In- 
ternational Conference on Thermionic Electrical Power Generation, London, 
Sept. 20-25, 1965. 

Goldstein, Charles M. : Possible Sources of Instability in the Collisionless Therm- 
ionic Diode. NASA TM X-1245, 1966. 

Goldstein, Charles M. : Electron Flow in Low-Density Argon Gas Including Space- 
Charge and Elastic Collisions. NASA TN D-4087, 1967. 

Goldstein, Charles M. : Electron Flow in Low-Density Argon Gas Including Space- 
Charge and Elastic Collisions. J. Appl. Phys., vol. 38, no. 7, June 1967, 
pp. 2977-2984. 

Goldstein, Charles M. : Collisionless Cylindrical Diode. NASA TN D-4516, 1968. 

Goldstein, Charles M. ; and Goldstein, Arthur W. : A Single -Collision Model for 
Electron-Beam Currents Between Plane Electrodes. NASA TN D-3058, 1965. 

Kampos, Samuel: Effective Radius of a Cesium Atom in Ground State and Firs t  
Excited State. NASA TM X-52057, 1964. 

Kaufman, Warner B. ; Tischler, Richard F. ; and Breitwieser, Roland: A High- 
Temperature, Electrically Insulating Cermet Seal Having High Strength and 
Thermal Conductance. Thermionic Conversion Specialist Conference, IEEE, 
1967, pp. 260-270. 

Lancashire, Richard B. : Study of Plasma Diagnostics Using Laser Interferometry 
with Emphasis on i ts  Application to Cesium Plasmas. NASA TM X-1652, 1968. 

Lancashire, Richard B. : Refractive Index: Particle Density Correlation for 
Nonequilibrium Cesium Plasmas Probed by a Multifrequency Helium-Neon 
Laser. NASA TN D-5328, 1969. 



Luke, Keung P. : Analytical Study of the Work Function Characteristics of a Metal 
Immersed in Cesium Vapor-Surface Contribution. Presented a t  the 24th Annual 
Conference on Physical Electronics, MIT, Mar. 25-27, 1964. 

Luke, Keung P. ; and Smith, John R. : Theoretical Study of Zero-Field Electron 
Work Function of Metal Immersed in Gas - Direct Application to Cesium Therm- 
ionic Diode. NASA TN D-2357, 1964. 

Manista, Eugene J. ; and Sheldon, John W. : Preliminary Experiments with a 
Velocity-Selected Atomic -Beam Apparatus. NASA TN D-2557, 1964. 

Manista, Eugene J. : Distortion of Atomic-Beam Velocity Distributions Due to 
Classical Hard-Sphere Gas Scattering. NASA TN D-2617, 1965. 

Manista, Eugene J. ; and Sheldon, John W. : Influence of Opposing Slits on Molec- 
ular Flow from an Isothermal Enclosure at Low Densities. NASA TN D-2986, 
1965. 

Morris, James F.  : Damping of Quantized Longitudinal Electron Oscillations in a 
Nondegenerate Plasma. Phys. Fluids, vol. 5, no. 11, Nov. 1962, pp. 1480- 
1481. 

Morris, James F. : Dispersion and Damping of Longitudinal Electron Oscillations 
in Thermal Plasmas. NASA TN D-1734, 1963. 

Morris, James F. : Reply to Comments by Burt, Klevans, and Wu. Phys. Fluids, 
vol. 6, no, 9, Sept. 1963, pp. 1365-1366. 

Morris, James F. : Thermal Field Emission with a Terminated Image Potential. 
NASA TN D-2784, 1965. 

Morris, James F. : Calculations of Thermal, Field Emission for a Terminated 

Image Potential. NASA SP-3023, 1966. 

Morris, James F. : Energy Transport by Thermal Field Emission. NASA TN 
D-3448, 1966. 

Morris, James F. : Small Plasma Probes with Guard Rings and Thermocouples. 

NASA TM X-1294, 1966. 

Morris, James F. : Emitter and Collector Sheaths for Cesium Thermionic Diodes 
with Polycrystalline Tungsten Electrodes. NASA TN D-4744, 1968. 

Morris, James F.  : Some Interactions of Polycrystalline Tungsten Electrodes with 

Cesium Plasmas. NASA TN D-4745, 1968. 



Morris, James F .  : Effects of Arrival Rates of Absorbate Ions and Atoms on Sur- 
face Coverage, Hence Work Functions, of Emitting Electrodes. NASA TN 
D-4369, 1968. 

Morris ,  James F. : Collisionless Sheaths Between Field-Modified Emitters and 
Thermally Ionized Plasmas Exemplified by Cesium. NASA TN D-4376, 1968. 

Morris ,  James F. : Pairs  of Emitter and Collector Sheaths for Cesium Therm- 
ionic Diodes. NASA TN D-4419, 1968. 

Morris, James F. : Plane Collisionless Sheaths Between Field-Modified Emitting 
Electrodes and Thermally Ionized Plasmas Exemplified by Cesium. J. Appl. 
Phys. ,  vol. 39, no. 3, Feb. 15, 1968, pp. 1705-1717. 

Morris ,  James F.  : Reflections of Electron Beams in Thermionic Diodes. J. 
Appl. Phys., vol. 39, no. 13, Dec. 1968, pp. 6099-6100. 

Neustadter, H. E. ; and Bacigalupi, R. J. : Dependence of Adsorption Properties 

on Surface Structure f o r  Body-Centered-Cubic Substrates. Surface Sci. , vol. 6, 
no. 2, Feb. 1967, pp. 246-260. 

Neustadter, Harold E. : Electron Mobility in Randomly Located Hard-Core Scat- 
terers .  Ph.D. Thesis, Case Western Reserve Univ., 1969. 

Neustadter, Harold E .  ; and Coopersmith, Michael H. : Electron Mobility Tran- 

sition in a Random System of Hard-Core Scatterers. Phys. Rev. Letters, 
vol. 23, no. 11, Sept. 15, 1969, pp. 585-589. 

Neustadter, Harold E .  ; and Luke, Keung P. : Low-Coverage Heat of Adsorption. 

I - Alkali Metal Atoms on Tungsten; Atom -Metal Interaction Theories. NASA 
TN D-2430, 1964. 

Neustadter , Harold E . ; and Luke, Keung P. : Low -C overage Heats of Adsorption. 
III - Alkali Metal Ions on Tungsten; Atom-Metal Interaction Theory. NASA TN 
D-2460, 1964. 

Neustadter, Harold E . ; Luke, Keung P. ; and Sheahan, Thomas: Low-Coverage 
Heat of Adsorption. B[ - Alkali Metal Atoms on Tungsten; Lennard-Jones Atom- 
Atom Interaction Theory. NASA TN D-2431, 1964. 

Nottingham, Wayne B. ; and Breitwieser, Roland: Theoretical Background for  
Thermionic Conversion Including Space -Charge Theory, Schottky Theory, and 
the Isothermal Diode Sheath Theory. NASA TN D-3324, 1966. 



Sanders, Newel1 D. ; et al. : Electric Power Generation. Conference on New 
Technology. NASA SP-5015, 1964, pp. 65-89. 

Schaefer, John W. ; and Ferrante , John: Analytical Evaluation of Possible Non- 
cryogenic Propellants for Electrothermal Thrustors. NASA T N  B-2253, i964. 

Sheldon, John W . : Correlation of Resonance Charge Exchange Cross -Section 
Data in the Low-Energy Range. Phys. Rev. Letters, vol. 8, no. 2, Jan. 15, 
1962, pp. 64-65. 

Sheldon, John W. : Mobilities of the Alkali Metal Ions in Their Own Vapor. J. 
Appl. Phys., vol. 34, no. 2, Peb. 1963, p. 444. 

Sheldon, John W. : Mobility of Positive Ions in Their Own Gas: Determination 
of Average ~ o m e n t u & - ~ r a n s f e r  Cross Section. NASA TN D-2408, 1964. 

Sheldon, John W. : Semiclassical Calculation of the Differential Scattering Cross 
Section with Charge Exchange: Cesium Ions in Cesium Vapor. NASA TN 
D-2484, 1964. 

Sheldon, John W. : A Comment On a New Method for Finding the Phase Shifts 
for the Schrgdinger Equation. Acta Phys. Acad. Sci. Hung., vol. 17, 1964, 
pp. 399-400. 

Sheldon, John W. : Cesium Ion-Neutral Scattering and Ion Mobility in the Low 
Field Limit. Presented at the IEEE Thermionic Conversion Specialist Con- 
ference, Cleveland, Ohio, Oct. 26 -28, 1964. 

Sheldon, John W. : Cesium-Cesium Cross Section and the Lennard-Jones Param- 
eters.  Presented a t  the IEEE Thermionic Conversion Specialist Conference, 

Cleveland, Ohio, Oct. 26-28, 1964. 

Sheldon, John W. : Cross Section for Impact Ionization of H (1s) Atoms by H (1s) 

Atoms Near Threshold. NASA TN D-3134, 1965. 

Sheldon, John W. : Cross Section for  Ionization of Alkali Atoms by Collision 
with Excited Noble Gas Atoms. J. Appl. Phys., vol. 37, no. 7, June 1966, 
pp. 2928-2929. 

Sheldon, J. W. ; and Dugan, John V. , Jr. : Semiclassical Calculation of In- 
elastic Cross Sections for Electron-Cesium Atomic Collision. J. Appl. Phys. , 
vol. 36, no. 2, Feb. 1965, pp. 650-651. 

Sheldon, John W. ; and Manista, Eugene J. : Atomic Beam Determination of the 
Cesium -Cesium Total Scattering Cross Section. NASA TN D-3160, 1965. 



Sockol, Peter M. : Nonequilibrium Expansion of a Plasma from a Thermionic 
Source. NASA TN D-2086, 1963. 

Sockol, Peter M. : Transport Equations for a Partially Ionized Gas in an Electric 
Field. NASA TN €3-2279, 1964. 

Sockol, Peter M : Flow of Electrons Through a Neutral Scattering Gas in a 
Thermionic Diode. Presented a t  the IEEE Thermionic Conversion Specialist 
Conference, Cleveland, Ohio, Oct. 26-28, 1964. 

Sockol, Peter M. : Flow of Electrons Through a Rarefied Gas Between Plane 
Parallel Electrodes. NASA TN D-3510, 1966. 

Swigert, Paul; and Goldstein, Charles M. : Monte Carlo Code for Solution of 
Planar ~ l e c t r o n - ~ i o d e  Problems Including Electron-Neutral Elastic Collisions. 
NASA TN D-4043, 1967. 

Tower, Leonard K. : An Analytical Study of the Continuous Chemical Regener - 
ation of Surfaces. NASA TN D-1194, 1962. 

Tower, L. K. : Analyses of the Chemical Regeneration of Sublimating Therm- 
ionic Components. Adv. Energy Conversion, vol. 3, no. 1, Jan. -Mar. 1963, 
pp. 185-198. 

Tower, Leonard K. : A Preliminary Analysis of the Process of Desorption of 
Multiple Additives from Metals. Presented a t  the IEEE Thermionic Conversion 
Specialist Conference, San Diego, Calif., Oct. 25-27, 1965. 

Tower, Leonard K. : Desorption Kinetics of Multiple Adsorbates - Cesium with 
Fluorine on Molybdenum and Tungsten. NASA TN D-3596, 1966. 

Tower, Leonard K. : The Erected Dipole Model in the Adsorption of Cesium on 
Fluorinated Molybdenum. NASA TN D-3223, 1966. 

Tower, Leonard K. : Baker's Computation of the Configurational Entropy of 
Large Atoms. J. Chem. Phys., vol. 47, no. 11, Dec. 1, 1967, pp. 4871- 
4872. 



iMITTER COLLECTOR 

EXTERNAL LOAD 
I 

EMITTER 
FERMl LEVEL 

(a) Schematic diagram of thermionic converter 
(b) Interelectrode potential diagram. 

Figure IV-1. - Vacuum thermionic energy converter. 
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(a) Schematic diagram of thermionic converter. 
(b) Interelectrode potential diagram. 

Figure IV-2. - Plasma (cesium) thermionic energy converter. 
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Figure IV-3. - Typical current-voltage characteristic for plasma thermi- 

onic energy converter (ref. 1). 
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Figure IV-4. - Set of four current-voltage characteristics reflecting depend- 

ence of converter performance on ion richness parameter P and pressure- 
spacing parameter pd (ref. 2). 
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Figure IV-5. - Effect of electrode spacing on interelectrode 

potential. Cesium pressure, 1. 0 millimeter of mercury; 
emitter temperature, 1680 K; current density, 1 .7  amperes 

per square centimeter (ref. 3). 

OUT OF 
CORE 2.5 M W  5 M W  I 

CS-51953 

Figure IV-6. - Typical results for  cylindrical converter oper- 
ated in xenon environment. Power units (MW) correspond 

to power level of reactor employed (Sterling Forest) with 

2. 5 megawatts approximately equivalent to 0.75 watt per 

gram. 
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Figure IV-7. - Dynamitron simulation. Emitter, 2 percent 

thorium-tungsten; gas, xenon a t  55 torr ;  spacing, 1 milli- 
meter.  CS-51447 

Figure IV-8. - Reflected signal obtained from microwave 
plasma analysis with electron beam off (curve A )  and with 
electron beam on (curve B). 




